Hypersecretion of mucus characterizes many inflammatory airway diseases, including asthma, chronic bronchitis, and cystic fibrosis. Excess mucus causes airway obstruction, reduces pulmonary function, and can lead to increased morbidity and mortality. MicroRNAs are small non-coding pieces of RNA which regulate other genes by binding to a complementary sequence in the target mRNA. The microRNA miR-21 is upregulated in many inflammatory conditions and, interestingly, miR-21 has been shown to target the mRNA of Myristoylated Alanine-Rich C Kinase Substrate (MARCKS), a protein that is an important regulator of airway mucin (the solid component of mucus) secretion. In these studies, we determined that exposure of primary, well-differentiated, normal human bronchial epithelial (NHBE) cells to the pro-inflammatory stimulus lipopolysaccharide (LPS) increased expression of both miR-21 and MARCKS in a time-dependent manner. To investigate whether miR-21 regulation of MARCKS played a role in mucin secretion, two separate airway epithelial cell lines, HBE1 (papilloma virus transformed) and NCI-H292 (mucodepidermoid derived) were utilized, since manipulation of miR-21 is performed via transfection of commercially-available miR-21 inhibitors and mimics/activators. Treatment of HBE1 cells with LPS caused concentration-dependent increases in expression of both miR-21 and MARCKS mRNA and protein. The miR-21 inhibitor effectively reduced levels of miR-21 in the cells, coincident with an increase in MARCKS mRNA expression over time as well as enhanced mucin secretion, while the miR-21 mimic/activator increased levels of miR-21, which coincided with a decrease in expression of MARCKS and a decrease in mucin secretion. These results suggest that miR-21 is increased in airway epithelial cells following exposure to LPS, and that miR-21 downregulates expression of MARCKS, which may decrease mucin secretion by the cells. Thus, miR-21 may act as a negative feedback regulator of mucin secretion in airway epithelial cells, and may do so, at least in part, by downregulating expression of MARCKS.
Introduction
Hypersecretion of mucus characterizes many inflammatory airway diseases including asthma, chronic bronchitis, and cystic fibrosis. Excessive mucus can obstruct airways, inhibit respiration, increase susceptibility to infection, and lead to increased morbidity and mortality. Mucus is a gel made up of water and mucins (large complex glycoproteins) that are post-translationally modified by myristoylation, glycosylation and/or phosphorylation. Mucins provide mucus with its viscosity and elasticity [1] . At least 20 different mucins have been discovered in humans, 11 of which have been identified in the lungs. MUC5AC and MUC5B are the most prominent types in the airways [2] .
Myristoylated alanine-rich C-kinase substrate (MARCKS) protein is a ubiquitous Protein Kinase C (PKC) substrate that has been shown to play an important role in regulation of mucin secretion by airway epithelium in vitro [3] [4] [5] and in vivo [6, 7] . The evolutionarily-conserved N-terminal region of MARCKS [6] is clearly involved in this action, as peptides analogous to the MARCKS N-terminus attenuate mucin secretion in airway epithelial cells both in vitro [3] and in vivo [6] .
MicroRNAs are small non-coding pieces of RNA typically about 22 bases long. They regulate other genes binding to a complementary sequence in the 3'-untranslated region of the target mRNA. MicroRNAs serve an important regulatory role in proliferation [8] , differentiation [9] , development, migration [10] angiogenesis [11] , apoptosis [12, 13] and carcinogenesis [9] . The micro RNA miR-21 has been shown to target many tumor suppressors and it is upregulated in many types of cancers and in various inflammatory conditions [14] [15] [16] [17] [18] [19] . Interestingly, miR-21 has been shown to specifically target the mRNA of MARCKS [20] .
Given these associations, we investigated whether or not miR-21 could be involved in mucin secretion by airway epithelial cells in response to the proinflammatory stimulus, LPS, and, if so, whether miR-21 regulation of MARCKS could be part of the mechanism. The results indicate that: 1) Treatment of well-differentiated primary normal human bronchial epithelial (NHBE) cells with LPS derived from E. coli provoked time-dependent increases in expression of both miR-21 and MARCKS; 2) LPS treatment caused a similar increase in expression of both miR-21 and MARCKS in the virally-transformed HBE1 human airway epithelial cell line; 3) Inhibition of miR-21 via transfection of a miR-21 inhibitor after LPS treatment increased expression of MARCKS coincident with an increase in mucin secretion in another human airway epithelial cell line, NCI-H292 cells (derived from a mucoepidermoid carcinoma); 4) Activation of miR-21 via transfection of a mimic/inhibitor decreased expression of MARCKS and decreased LPS-provoked mucin secretion in these cells; and 5) Inhibition of MARCKS protein with a peptide identical to the MARCKS N-terminus inhibited mucin secretion in these cells regardless of treatment. Thus, it appears that miR-21 may play an important role as a negative feedback regulator of MARCKS expression and mucin secretion following inflammatory stimulation in airway epithelial cells.
Materials and Methods

Cell Culture
Well-differentiated NHBE cells from two separate donors were utilized for the initial studies. NHBE cells were purchased from Lonza corporation (Walkersville, MD), and grown and maintained in air/liquid interface as described previously [21] until, after approximately 18 days in culture, a well-differentiated epithelium was formed. After initial experiments indicated that expression of both miR-21 and MARCKS were enhanced by exposure of cells to lipopolysaccharide (LPS) from E. coli (Figures 1 and 2) , studies to determine if there was a connection between miR-21 and MARCKS expression were performed using both a commercially-available inhibitor and an activator/mimic of miR-21 (described below) that required use of cells with a high transfection efficiency, so a human bronchial epithelial cell line, papilloma virus-transformed HBE1 cells [22] ; a generous gift from Dr. Reen Wu, University of California, Davis, CA) were used. HBE1 cells were cultured as previously described [23] . In additional studies examining the effects of these reagents on airway mucin secretion, a second cell line, NCI-H292 cells (derived from a human pulmonary mucoepidemoid carcinoma; purchased from the American Type Culture Collection [ATCC, Manassas, VA) were chosen, as these cells have been used previously to study mucin production [24] . RPMI 1640 + 10% FBS with penicillin/streptomycin and amphotericin added was the medium used and cells were maintained in a humidified air/5% CO 2 environment until they reached ~70% confluence before they were transfected with the miR-21 inhibitor or mimic. Forty-eight hrs post transfection, cells were exposed to a range of concentrations of LPS and responses related to miR-21 and MARCKS expression and function monitored, as described below.
MiR-21 Inhibitor and miR-21 Mimic
To alter miR-21 levels in these cells, we utilized both an anti-miR-21 inhibitor and a pre-miR-21 activator, both purchased from Ambion (Forster City, CA). MicroRNA inhibitors are small, chemically modified single-stranded RNA molecules designed to specifically bind to and inhibit endogenous miRNA molecules and enable miRNA functional analysis by down-regulation of miRNA activity and endogenous miRNA function after transfection into cells. For these studies, we utilized the mirVana ® miRNA inhibitor containing the hsa-miR-21-5p sequence:
UAGCUUAUCAGACUGAUGUUGA. In contrast, miRNA mimics are small, chemically modified doublestranded RNAs that mimic endogenous miRNAs and enable miRNA functional analysis by up-regulation of miRNA activity. Here, we utilized the mirVana ® miRNA mimic (also from Ambion) containing the stem loop sequence: GUCGGGUACAUCGACUGAUGUUGACUGUUGAA UCUCAUGGCAACACCAGUCGAUGGGCUGUCUGA CA. Effective use of these reagents in other cell types has been described previously [25] .
Transfections
Here, we utilized the mirVana ® miRNA mimic (also from Ambion) containing the stem loop HBE1 and NCI-H292 cells were grown, submerged in medium, in plastic wells to approximately 70% confluence, and at that point transfected with either the miR-21 inhibitor or activator. Transfections were performed using Qiagen (Roche, Indianapolis, IN) "HiPerFect" transfection reagent, a unique blend of cationic and neutral lipids suited to both lowand high-throughput transfection of miRNA mimics or inhibitors, according to the manufacturer's protocol. Forty-eight hours later, cells were exposed to either a range of concentrations of LPS or control media, and appropriate experiments performed.
Analysis of mRNA Expression via RT-PCR
NHBE cells were treated with 100 ng/ml of LPS for various time periods. Cells were harvested and RNA was extracted with an RNeasy kit (Qiagen). For miRNA analysis, real-time qPCR was carried out on a iQ5 Detection System (Bio-Rad) using 5 ng RNA input, 2 × iQ SYBR Green Supermix (Bio-Rad). For the detection 50 ng RNA input, 2 × iQ SYBR Green Supermix, and 5 pmol gene-specific primer pairs were used. Thermal cycling conditions were 95˚C for 3 minutes, 40 cycles at 95˚C for 10 seconds, and 55˚C for 30 seconds, followed by melting curve analyses. RNA input was normalized to endogenous controls: beta-actin or 36B4. The 2 −ΔΔct method was used to calculate the fold relationships in miRNA expression among the tested samples.
Analysis of Protein Expression via Western Blot
Westerns blots were used to evaluate levels of MARCKS within the cells after exposure to LPS or control media. 
Measurements of Mucin Secretion via ELISA
Mucin was collected and assayed as described previously [3] . Briefly, after the treatment period, medium was collected and the content of secreted mucin (measured as the major respiratory mucin, MUC5AC) quantified via a sandwich enzyme-linked immunosorbent assay using an antibody to MUC5AC (Neomarkers, Freemont, CA) as the capture antibody with the reporter antibody being a 17Q2 pan-mucin antibody [26, 23] . The 17Q2 antibody was purified from murine acites fluid (Covance, Gaithersburg MD) and further purified using an ImmunoPure(G) IgG purification kit (Pierce Biotechnology, Rockford, IL) following the manufacturer's protocol and then conjugated with alkaline phosphatase (EMD Biosciences). The ELISA Substrate was 4-nitrohenyl phosphate (Sigma, Saint Louis, MO).
Statistical Analysis
Graphpad Prism ® software was used to perform unpaired two-tailed Student's T-test as indicated in the figure legends.
Results
Exposure to LPS Enhances Expression of Both miR-21 and MARCKS in Human Airway Epithelium
As illustrated in Figure 1(a) , exposure of NHBE cells to LPS (100ng/ml) results in increased expression of miR-21 in a time-dependent manner. Both mRNA and protein expression of MARCKS also was enhanced by exposure to LPS at the six-hour time point, but plateaued or decreased after this time, coinciding with an increase in miR-21 expression (Figures 1(b) and (c) ). Both miR-21 and MARCKS expression were enhanced similarly in HBE1 cells after exposure to LPS for 6 hrs (Figure 2) .
Transfection of the mirVana ® miR-21 Inhibitor Reduces Expression of miR-21 in HBE1 Cells; This Correlates with Enhanced Expression of MARCKS
Transfection of the mirVana ® miR-21 (200 nM) inhibitor into HBE1 cells for 48 hrs effectively reduced expression levels of miR-21. This correlated with an increase in expression of MARCKS mRNA (Figure 3) .
Transfection of the mirVana Pre-miR-21 Activator into HBE1 Cells Increases Expression of miR-21; This Correlates with Decreased Expression of MARCKS
Transfecting HBE1 with 200 nM of the pre-miR-21 activator increases levels of miR-21 in the cells, correlating 
Mucin Secretion by NCI-H292 Cells Is Affected by the miR-21 Inhibitor and Mimic, and Further by Peptides Targeting MARCKS Protein
As illustrated in Figure 5 , LPS (100ng/ml) increased mucin secretion by NCI-H292 cells after 30 min exposure. Pretreatment of the cells with the mirVana ® miR-21 inhibitor resulted in higher levels of secreted mucin in response to LPS than cells exposed to the HiPerfect transfection reagent used as a control, while pretreatment with the mirVana ® pre-miR activator decreased mucin secretion in response to LPS compared to cells without the activator. Additional pretreatment of the cells for 30 min with 50 µM of the MANS peptide, a reagent that inhibits function of MARCKS in airway epithelial cells [3, 6] , further attenuated the mucin secretory response, implicating MARCKS in the secretory pathway, as de- 
Discussion
MicroRNAs are fairly short (21 -25 nucleotides in length) strands of non-coding RNA. They serve an important regulatory role in proliferation [8] , differentiation [9] , development and migration [10] , angiogenesis [11] , apoptosis [12] and carcinogenesis [14] . In humans and other mammals, miRNAs bind to the 3' untranslated region of their target gene, forming an imperfect complement. This serves to act as a repressor of translation.
Human miR-21, mapped at chromosome 17q23.2, and present within the protein-coding gene VMP1 (or TMEM49) is one of the most extensively studied microRNAs, as it has been associated with both cancer and inflammation. MiR-21 targets many tumor suppressor genes, such as PTEN, PDCD4, Tropomyosin, TGFBRII, RhoB, Bcl2, IL-12 and CDK2AP1 [28, 29] , and has been shown to stimulate invasion, intravasation, and metastasis [14] .
MiR-21 also has been associated with inflammation. It inhibits the TGF-β signaling pathway, which is known to inhibit adipogenesis and stimulate inflammation [29, 30] . It has been shown to specifically target TGF-beta 1 and 2 and TGF beta receptors [15] . Upregulation of miR-21 causes cell proliferation, while downregulation allows cell to stop dividing and/or undergo apoptosis. MiR-21 is a trigger for fibroblast dysfunction and fibrosis and is upregulated in cardiac infarctions [18] . It is also upregulated in individuals with idiopathic pulmonary fibrosis, and in lungs of mice with bleomycin-induced fibrosis. A possible target for miR-21 in fibrosis is Smad7, an inhibitory Smad, which is an important regulator of TGF-β. MiR-21 prevents Smad7 from being made, which stops TGF-β from being inhibited. This allows Smad3 to become activated, increasing collagenase activity and ultimately leading to increased deposition of collagen in the lung parenchyma [30] .
Interestingly, miR-21 recently has been shown to also directly target MARCKS protein, binding to MARCKS in the 3' untranslated region from the nt713-734, a region of MARCKS highly conserved among species. Since in previous studies from this laboratory, MARCKS has been shown to be an important regulatory molecule in the process of airway mucin secretion as well as inflammation [3,6,31], we looked here at a possible connection between airway inflammation, mucin secretion, MARCKS and miR-21.
In studies using primary well-differentiated normal human bronchial epithelial cells cultured at an air/liquid interface, and using exposure to LPS as a model of inflammation, we found that, indeed, LPS exposure increased of miR-21. Coincident with that increase, expression of MARCKS protein also was enhanced by LPS, but MARCKS expression plateaued after approximately 6 hours of exposure, while miR-21 expression continued to increase. This suggested that miR-21 might be downregulating expression of MARCKS in these cells, which could have a downstream effect of attenuating mucin secretion since MARCKS is integral to the mucin secretory pathway. Thus, we performed additional studies utilizing a commercially-available miR-21 inhibitor as well as a miR-21 activator. Since these studies required efficient transfection of these reagents into cells, we switched the model system from primary NHBE cells to the papilloma virus-transformed HBE1 cell line, as described previously [23] .
LPS exposure had the same effect on HBE1 cells, increasing expression of both miR-21 and MARCKS. Treatment with the miR-21 inhibitor decreased significantly levels of miR-21 in the cells with or without exposure to LPS, and this coincided with an increase in expression of MARCKS at the mRNA and protein levels. In contrast, treatment of HBE1 cells with the miR-21 mimic resulted in downregulation of expression of MARCKS under baseline conditions and after exposure of the cells to LPS. Thus, it appears from these findings that miR-21 may act as a negative regulator of MARCKS expression in airway epithelial cells, similar to its role as a negative regulator of MARCKS in prostate cancer cells [20] . One could speculate that miR-21 functions as part of a negative-feedback mechanism that buffers cellular responses to inflammatory stimuli.
Since MARCKS has been shown to be integral to the mucin secretory process, we then examined how expression of miR-21 and subsequent regulation of MARCKS expression could affect mucin secretion. We turned to a second cell line for these studies, the NCI-H292 cell line, derived from a human epidermoid tumor, since these cells are excellent models for airway mucin secretion, especially of MUC5AC, the predominant human airway mucin [1, 2, 23] . The results of the secretion studies supported the potential anti-inflammatory role of miR-21 in airway epithelium, as treatment with the miR-21 inhibitor, which increases MARCKS expression, also provoked secretion of mucin by cells treated with LPS, while treatment with the miR-21 mimic, which downregulates MARCKS expression, resulted in decreased mucin secretion. To ascertain that indeed MARCKS was functionally associated with the secretory responses, pretreatment of the cells with the MANS peptide, a reagent that is identical to the evolutionarily-conserved N-terminus of MARCKS and which has been shown to inhibit mucin secretion and other functions of MARCKS [3, 6, [31] [32] [33] [34] , reduced secretion in cells treated with the either the control HiPerFect transfection reagent, cells transfected with the miR-21 inhibitor, or cells treated with the miR-21 mimic/activator.
In summary, it appears that inflammatory stimulation of airway epithelial cells, in this case by exposure to LPS, provokes enhanced expression of the microRNA, miR-21. MiR-21 then appears to target MARCKS mRNA, decreasing levels of MARCKS protein in these cells, and via this mechanism apparently also decreases the mucin secretory response to LPS. These results, while limited to in vitro studies, suggest that miR-2, as well as MARCKS, might be therapeutic targets for treatment of respiratory diseases characterized by mucus hypersecretion.
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